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Abstract. We investigate structural and electronic properties of water molecules adsorbed on graphene by 
using the density functional theory based on the generalized gradient approximation. We use pseudopotentials 
and plane wave basis set to study water molecules interacting with a perfect graphene, and graphene defects 
such as monovacancy, divacancy, and Stone Wales defect. It is found that adsorption energies in the case of 
defects are smaller than that of the perfect graphene. It is concluded that the perfect graphene and graphene 
defects are hydrophobic since the calculated adsorption energies are small.   
 




Graphene, which is one of the allotropes of carbon, has an atomic one-mono layer and can be 
extracted from graphite [1]. Because of its unique properties, its nanoscale electronics device 
application is expected. The band structure of graphene has the zero-gap which is the main obstacle 
when we use graphene as a semiconductor. There are several methods that are used to break the 
linear dispersion of the graphene band structure: Impurities, defect, and substrates modify the 
electronic properties. Water adsorption on graphene shows that the tunable bandgap of graphene up 
to 0.21 eV which was clarified by controlling the absolute humidity level [10]. An advantage of this 
method is its reversibility and also chemically inertness of the graphene surface.  
The purpose of this paper is to investigate the interaction of graphene with a single water 
molecule and water clusters. We calculate the adsorption energy up to four water molecules on the 
perfect graphene and graphene defects. We find that the perfect graphene surface provides the higher 
adsorption energy than defect graphene surfaces. It is found that the perfect graphene and graphene 
defects are hydrophobic since the calculated adsorption energies are small. 
 
2 Computational Details 
 
Density functional theory (DFT) is carried out by using the PHASE code [11]. We apply the 
generalized gradient approximation (GGA) for exchange-correlation potential instead of the local 
density approximation (LDA). It has been known that GGA gives good result for the calculation of 
H2O cluster and graphene: the GGA gives excellent results for the dimmer energy and bond lengths 
of water molecule [2]. We choose 25 Rydberg and 230 Rydberg for the cut off energies of the plane 
wave basis set and charge density, respectively. We use the 4x4 supercell with the 6x6x1 mesh grids 
in the Brillouin zone integration.  
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A. Geometry Optimization 
 
First, we determine the stable geometry of a single water molecule on the graphene. The optimized 
geometry of a single water molecule on the perfect graphene is shown in Table 1 and Figure 1.  
In Table 1, our results are compared with those of some references. Bond length (dOH) and bond 
angle (         ) are 1.2% higher and 0.01% lower than the corresponding values of the isolated water 
([4], [5]). Meanwhile the distance between the oxygen atom and graphene surface (dCO) is 0.2% lower 
than previous theoretical result based on the GGA [9]. The average bond length between two nearest 
atoms (dCC) in graphene is close to that of the experimental result [3] for the pure perfect graphene.  
In Table 2, we show the calculated values of graphene defects. The parameter dOH for the graphene 
defect surfaces is slightly higher than the perfect graphene. Moreover, the values for dCO and                 
are slightly lower than that of the perfect graphene.  
 
Table 1. Optimized geometry of the water molecule on perfect graphene surface: bond length dOH, 
bond angle             and the distance dCO between of oxygen atom and graphene surface. 
 
 Parameter Present Expt 
 calculation   
                                                                     
    0.9688 0.957 4, 5 
 
 104.49 104.54, 5 
                                                                       
 3.60 3.619 
 
                            1.419 1.423 
 
 
Table 2. Optimized geometry of water molecule on graphene defects.  
 
 Parameter Monovacancy Divacancy SW Defect  
 graphene graphene graphene  
                                                                     
    0.9691 0.9690 0.9695  
 
 104.43 104.38 104.30  
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 (e)  (f)  (g)  (h) 
 
Figure 1. Atomic configurations of the most stable system of a single water molecule on graphene 
surfaces. Water molecule on perfect graphene (top view (a), side view (b)), graphene monovacancy 
(top view (c), side view (d)), graphene divacancy (top view (e), side view (f)) and graphene SW defect 
(top view (g), side view (h)) 
 
B. Adsorption energy 
 
Calculated adsorption energies are presented in Table 3. The adsorption energies sensitively 
depend on orientation of water molecule as were shown in the past computational studies [7]. We 
find that the most stable geometry has the up orientation and the most stable site is the hexagon 
center as shown in Fig. 1. We estimate the adsorption energy by using the 
equation   totwatergraphads EEEE  , where graphE  is the energy of the perfect graphene, waterE is 
the energy of the isolated water and totE is the energy of the water on graphene.   
 
Table 3. The adsorption energies Eads of a single water molecule and four water molecules on: 
monovacancy, divacancy, and SW defect. 
 
 Type of graphene Eads (meV) of Eads (meV) of 
 sheet 1 H2O 4 H2O 
                                                                                                                        
 Perfect graphene 64 23 
 Monovacancy 26 22   
 Divacancy 22 19 
 SW Defect 24 15 
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Figure 3. Single water molecule adsorbed on the perfect graphene surface: There are six nearest 
neighbor carbon atoms and r1 to r6 indicate the distance between the oxygen in the water molecule 
and the carbon atoms.   
 
In Table 3, we find that the adsorption energy for the divacancy is the lowest whereas the energy 
of the perfect graphene is the highest. On the perfect graphene surface, a single water molecule 
interacts with the six nearest carbon atoms (see Fig. 3), while water molecules on the monovacancy 
and divacancy interact with five and four nearest carbon atoms, respectively. Water molecule on the 
SW defect, interacts with only two nearest carbon atoms. Therefore, it is expected that the interaction 
between the defects and water molecule is weak compared with that between the perfect graphene 
and water molecule. These weak interactions in the cases of defects induce low adsorption energies. 
To confirm the above argument, we measure the average distances of nearest carbon atoms of 
the oxygen atom in water molecule. The average distances are 3.87Å for on perfect graphene, 3.99Å 
for the monovacancy, 4.11Å for the divacancy and 3.92Å for the SW defect. The average distance for 
the SW defect is between those of the monovacancy and divacancy. So, we conclude that as the 
distance becomes small, the adsorption energy increases.  
We next study the cases that four water molecules are adsorbed on graphene. We construct a 
cluster of four water molecules. After obtaining the optimized geometry, we place this cluster on the 
graphene surface to attain the stable system (in Fig. 2). The adsorption energies for the four water 
molecules on graphene are shown in Table 3. If we increase the number of molecules, the adsorption 
energy tends to decrease. Water molecules favor interact each other since the average binding energy 
per molecule among them in cluster becomes large (see Table 4) as the number of molecule increases.  
The above results indicate that graphene is hydrophobic.  
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Table 4. The total binding energy (Eb) of cluster and the average binding energy (Eb/mol) per water 
molecule in cluster.  
 
   n H2O   Eb(eV) Eb(eV)/mol  
   
 2 0.229 0.115   
 3 0.492 0.164   





We use the DFT to calculate the water on graphene. We find that there is a weak interaction between 
water molecules and graphene. This weak interaction can be seen from the small adsorption energy 
comparing with the binding energy of water cluster. The decreasing order of the adsorption energy is 
perfect graphene, monovacancy, SW defect and divacancy. Adsorption energy decreases as the 




[1] Eva Y Andrei, Guohong Li1 and Xu Du (2012), Electronic properties of graphene: a perspective 
from scanning tunneling microscopy and magnetotransport, Rep. Prog. Phys., 75, 056501 (1-48). 
[2] D. R. Hamann (1997), H2O hydrogen bonding in density-functional-theory, Phys. Rev. B., 55, 
R10157 (1-4)  
[3] L. Pauling (1960), The Nature of the Chemical Bond, Cornell Univ. Press, NY. 
[4] A. G. Csaszar, G. Czako, T. Furtenbacher, J. Tennyson, V. Szalay, S. V. Shirin, , N. F. Zobov, O. L.  
Polyansky (2005), On equilibrium structures of the water molecule, J. Chem. Phys., 122, 214305 (1-
10). 
[5] J. K. Gregory, D. C. Clary, K. Liu, M. G. Brown, R. J. Saykally (1997), The Water Dipole Moment 
in Water Clusters, Science., 275, 814–817. 
[6] R. R. Q. Freitas, R. Rivelino, F. de Brito Mota, and C. M. C. de Castilho (2011), DFT Studies of the 
Interactions of a Graphene Layer with Small Water Aggregates, J. Phys.Chem  A., 115. 12348–
12356. 
[7] O. Leenaerts, B. Partoens, and F. M. Peeters (2009), Water on graphene: Hydrophobicity and 
dipole moment using density functional theory, Phys. Rev. B., 79, 235440 (1-5).  
[8] O. Leenaerts, B. Partoens, and F. M. Peeters (2008), Adsorption of H2O, NH3, CO, NO2, and NO 
on graphene: A first-principles study, Phys. Rev. B., 77, 125416 (1-6). 
[9] I. Hamada (2012), Adsorption of water on graphene: A van derWaals density functional study, 
Phys. Rev. B., 86, 195436 (1-6).  
[10] F. Yavari, C. Kritzinger, C. Gaire, L. Song, H. Gulapalli, T. Borca-Tasciuc, P. M. Ajayan, N. 
Koratkar (2010), Tunable Bandgap in Graphene by the controlled Adsorption of Water Molecules, 
Small., 6, 2535–2538. 
[11] http://www.ciss.iis.u-tokyo.ac.jp 
 
 
57
